. Dependence of acetylcholine and ADP dilation of pial arterioles on heme oxygenase after transfusion of cell-free polymeric hemoglobin. Am J Physiol Heart Circ Physiol 290: H1027-H1037, 2006. First published October 7, 2005 doi:10.1152/ajpheart.00500.2005.-Polymers of cell-free hemoglobin have been designed for clinical use as oxygen carriers, but limited information is available regarding their effects on vascular regulation. We tested the hypothesis that the contribution of heme oxygenase (HO) to acetylcholine-evoked dilation of pial arterioles is upregulated 2 days after polymeric hemoglobin transfusion. Dilator responses to acetylcholine measured by intravital microscopy in anesthetized cats were blocked by superfusion of the HO inhibitor tin protoporphyrin-IX (SnPPIX) in a group that had undergone exchange transfusion with hemoglobin 2 days earlier but not in surgical sham and albumin-transfused groups. However, immunoblots from cortical brain homogenates did not reveal changes in expression of the inducible isoform HO1 or the constitutive isoform HO2 in the hemoglobin-transfused group. To test whether the inhibitory effect of SnPPIX was present acutely after hemoglobin transfusion, responses were measured within an hour of completion of the exchange transfusion. In control and albumin-transfused groups, acetylcholine responses were unaffected by SnPPIX but were blocked by addition of the nitric oxide synthase inhibitor N -nitro-L-arginine (L-NNA) to the superfusate. In hemoglobin-transfused groups, the acetylcholine response was blocked by either SnPPIX or L-NNA alone. The effect of another HO inhibitor, chromium mesoporphyrin (CrMP), was tested on ADP, another endothelial-dependent dilator, in anesthetized rats. Pial arteriolar dilation to ADP was unaffected by CrMP in controls but was attenuated 62% by CrMP in rats transfused with hemoglobin. It is concluded that 1) polymeric hemoglobin transfusion acutely upregulates the contribution of HO to acetylcholine-induced dilation of pial arterioles in cats, 2) this upregulation persists 2 days after transfusion when 95% of the hemoglobin is cleared from the circulation, and 3) this acute upregulation of HO signaling is ubiquitous in that similar effects were observed with a different endothelial-dependent agonist (i.e., ADP) in a another species (rat). blood substitute; carbon monoxide; cat; endothelial-dependent releasing factor; nitric oxide; oxygen carrier; rat HEME OXYGENASE (HO) metabolizes heme derived from a variety of degraded heme-containing proteins, including hemoglobin (Hb). Carbon monoxide (CO) generated by HO produces vasodilation, which is thought to be mediated by stimulation of guanylyl cyclase, by direct effects on calcium-activated potassium (K Ca ) channels and possibly by other pathways (8, 33, 35, 58) . A role for CO in regulating cerebrovascular vasodilatory responses derived from the constitutive HO isoform (HO2) has been demonstrated in newborn pigs (25). The increase in cerebral blood flow (CBF) evoked by systemic administration of kainate was found to be attenuated by administration of the HO inhibitor tin protoporphyrin-IX (SnPPIX) in adult rats (32). However, other evidence for a physiological role of HO2 in cerebrovascular regulation in the adult brain is limited. In addition to HO2, the HO1 isoform can be induced by heme that is derived from the administration of hemin or Hb (4, 47, 52). Induction of HO1 has been found to alter vascular reactivity in the lung, intestines, and kidney (9, 37, 39).
responses derived from the constitutive HO isoform (HO2) has been demonstrated in newborn pigs (25) . The increase in cerebral blood flow (CBF) evoked by systemic administration of kainate was found to be attenuated by administration of the HO inhibitor tin protoporphyrin-IX (SnPPIX) in adult rats (32) . However, other evidence for a physiological role of HO2 in cerebrovascular regulation in the adult brain is limited. In addition to HO2, the HO1 isoform can be induced by heme that is derived from the administration of hemin or Hb (4, 47, 52) . Induction of HO1 has been found to alter vascular reactivity in the lung, intestines, and kidney (9, 37, 39) .
Cell-free, chemically modified Hbs have been developed as O 2 -carrying transfusion fluids (57) . Six-hour exposure of cultured endothelial cells to an early generation of cell-free Hb composed of diaspirin cross-linked tetramers increased HO activity, presumably because of the release of heme from the methemoglobin component of the solution (34) . Solutions of Hb now undergoing clinical trials (15, 16, 20) are polymers of heterogeneous size that are less likely to extravasate and produce arterial hypertension than the early generation of cross-linked Hb tetramers (31, 44) . In addition, polymerization of Hb can decrease the rate of release of heme from methemoglobin (6) . The possibility that transfusion of Hb polymers upregulates vascular HO1 sufficiently to alter signaling processes that control arteriolar vasodilation has not been well studied.
In the present study, we evaluated cerebrovascular responses to the endothelial-dependent dilator acetylcholine (ACh) after exchange transfusion of a large Hb polymer that does not rapidly extravasate or cause arterial hypertension (31) . Responses to ACh were tested because some evidence shows that in pulmonary arteries, in addition to nitric oxide (NO), CO derived from HO2 can contribute to relaxation evoked by ACh (61) . Although cross-linked tetrameric Hb has been reported to attenuate ACh-induced dilation in isolated, perfused hearts (36) , previous work in cats showed that pial arteriolar dilation evoked by ACh and ADP (an endothelial-dependent agonist) remained unimpaired acutely after transfusion of cross-linked tetrameric Hb (3) . Moreover, the ACh and ADP responses were completely blocked by an inhibitor of nitric oxide synthase (NOS), thereby indicating that the presence of Hb in the plasma does not scavenge all NO produced by the endothelium in a vascular bed with tight endothelial junctions. The current investigation tested the hypothesis that the vasodilatory response of pial arterioles to ACh in the cat would become dependent on HO activity 2 days after transfusion of a cell-free Hb polymer, as assessed by the use of SnPPIX. Responses were also evaluated acutely after transfusion of the polymer to confirm the findings obtained previously with the tetrameric Hb, showing that the ACh response still was dependent on NOS activity. Furthermore, the effect of another HO inhibitor, chromium mesoporphyrin (1, 28) , was investigated with ADP in the rat to determine whether the effects of Hb transfusion are specific for ACh and the cat.
METHODS
Hemoglobin preparation. Bovine Hb was purified and stabilized by first reacting with bis(3,5-dibromosalicyl)adipate to form intramolecular cross-links (24) . The cross-linked tetramers were then treated with 1-ethyl-3-(3-dimethyl-aminopropyl)carbodiimide to form covalent amide bonds between the Hb tetramers without residual attachment of the cross-linking reagent, as previously described (31) . The solution was subjected to diafiltration through a 300-kDa Pellicon cassette to separate large molecular weight, polymerized Hb from the remaining tetramers and small polymers. The solution contained Hb molecules with an estimated average radius of 250 Å and nominal molecular mass of ϳ20 MDa. The purified large polymers were transferred into lactated Ringer solution by dialysis, detoxified with Detoxi-Gel (Pierce, Rockford, IL), irradiated to avoid any endotoxin contamination, and stored at Ϫ70°C. The polymerization process resulted in a loss of subunit cooperativity and the Bohr effect, and the P50 of the solution was ϳ4 mmHg. The Hb concentration in the final solution was between 11 and 12 g/dl, of which ϳ15% was methemoglobin. The colloid osmotic pressure was ϳ10 mmHg (cat plasma: ϳ15 mmHg).
Surgical procedures on cats. All procedures were approved by the Institutional Animal Care and Use Committee and conformed to the principles of laboratory animal research outlined by the American Physiological Society and the National Institutes of Health Guidelines. Anesthesia and surgical procedures were similar to that previously described (42) . In brief, laboratory-bred, mixed breed, male cats (2.0 -3.4 kg) were initially anesthetized with 2-3% halothane for oral intubation. The lungs were mechanically ventilated with a gas mixture containing ϳ30% O2. Femoral arteries and veins were catheterized for performing exchange transfusion, monitoring arterial blood pressure, withdrawing arterial blood samples, and infusing anesthetics. After catheterization, halothane administration was stopped, and anesthesia was maintained by intravenous infusion of pentobarbital (6 mg/kg ϩ 12 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 ) and fentanyl (50 g/kg ϩ 80 g ⅐ kg Ϫ1 ⅐ h Ϫ1 ). A craniotomy was performed over the parietal cortex, the dura was carefully incised and retracted, and a closed cranial window was secured to the skull. The window consisted of a plastic ring with an inlet, an outlet, and a pressure-monitoring port, as well as a thermistor for monitoring fluid temperature. Esophageal temperature was maintained at ϳ39°C by use of a warm water-circulating blanket, and window fluid temperature was maintained at ϳ38°C by use of a heating lamp. Arterial blood gases and pH were measured with a blood gas analyzer (Chiron Diagnostics, Halstead, Essex, UK), and Hb concentration was measured with a hemoximeter (OSM3, Radiometer, Copenhagen, Denmark). Internal diameter of pial arterioles was measured with an intravital microscopy and video recording system.
NOS activity. N -nitro-L-arginine (L-NNA) was used to inhibit cortical NOS activity. To determine the effective dose of L-NNA in this experimental model, the window was superfused with either 30 M (n ϭ 4) or 300 M (n ϭ 4) of L-NNA. SnPPIX was selected as an HO inhibitor because of its selectivity for HO over NOS and soluble guanylyl cyclase (61) and because its specificity is supported by its loss of efficacy in HO2 null mice (7, 11, 14) . To determine the effect of SnPPIX on NOS activity in the current model, the window was superfused with 10 M (n ϭ 4) and 30 M (n ϭ 4) of SnPPIX.
Catalytic activity of NOS was determined in the underlying parietal cortex and contralateral parietal cortex by measuring conversion of [ 14 C]arginine to [ 14 C]citrulline, as previously described (38) . Acute effects of transfusion on ACh response. Baseline measurements were obtained ϳ30 min after completion of the surgery. Baseline vessel reactivity was measured by superfusing the window with 10 M 2-chloroadenosine (Sigma, St. Louis, MO) in artificial cerebrospinal fluid (CSF) for 5 min at a rate of 0.9 ml/min. Cats then underwent either no transfusion (control group) or an isovolumetric exchange transfusion with either a 5% human serum albumin solution (albumin group) or a 12% zero-link bovine Hb polymer solution (Hb groups). The solutions were infused intravenously at a rate of 1.9 ml/min while arterial blood was withdrawn at the same rate. The arterial hematocrit was reduced to ϳ20% over a 30-min period. Measurements were repeated 15 min after completion of the transfusion. Diameter measurements were then made 5 min after superfusing the window with 10 and 30 M ACh. The window was then superfused with 10 M SnPPIX for 25 min in control (n ϭ 8), albumintransfused (n ϭ 8), and Hb-transfused (n ϭ 7) cats. In another group of Hb-transfused cats (n ϭ 5), the window was superfused with 300 M L-NNA instead of SnPPIX. Control and albumin-transfused groups were not studied with only L-NNA because previous work demonstrated that the ACh dilatory response was inhibited by this dose of L-NNA in cats (3). Responses to 10 and 30 M ACh were repeated starting 5 min after the end of the SnPPIX or L-NNA superfusion period. Next, the window was superfused with a combination of 10 M SnPPIX and 300 M L-NNA for a 25-min period. Five minutes after completion of this superfusion, responses to 10 and 30 M ACh were again repeated. At the end of the experiment, vascular reactivity to 10 M 2-chloroadenosine was again measured to determine whether vasodilatory ability remained intact.
Chronic effects of transfusion on ACh response. A similar experimental protocol was performed 2 days after the transfusion, when Hb was largely cleared from the circulation. Under halothane anesthesia and aseptic conditions, catheters were chronically implanted in the femoral artery and vein and routed subcutaneously to the cat's back, where they exited into a protective jacket. On the next day, an exchange transfusion was performed with either a 5% albumin solution (n ϭ 8) or the zero-link Hb polymer (n ϭ 8) in the unanesthetized state. A surgical sham group (n ϭ 8) without an exchange transfusion was also studied because anesthesia and surgery may be sufficient to transiently induce HO1 1 day after surgery (35) . Two days after the transfusion (3 days after the initial surgery), the cats underwent the same surgical procedures for constructing a cranial window with the same anesthetic regimen used in the acute experimental protocol. The sequence and dose for superfusing drugs were similar to those in the acute transfusion protocol: 2-chloroadenosine, ACh, ACh following treatment with SnPPIX, ACh following combined treatment with SnPPIX and L-NNA, and again 2-chloroadenosine. Vasodilation to the ATP-sensitive potassium (KATP) channel agonist pinacidil (10 M) was also tested. At the end of the protocol, cats were euthanized with an intravenous injection of KCl.
Immunoblotting. In subgroups of cats, the brain was removed at the end of the experiment, and tissue samples from parietal cerebral cortex (ϳ500 mg contralateral to the cranial window) were rapidly frozen for Western analysis blotting. Samples were homogenized and centrifuged, and the supernatants underwent ultracentrifugation to obtain a microsomal fraction to be loaded onto 10% SDS-PAGE gels (30 g protein/lane determined by the Bradford assay) for protein electrophoresis at 4°C for 90 min. Proteins were transferred to a nitrocellulose membrane, pretreated with 3% milk, and probed overnight at 4°C with the following primary antibodies: 1) rabbit polyclonal anti-HO1 (1:1,000 dilution; Stressgen, Vancouver, Canada); 2) rabbit polyclonal anti-HO2 (1:1,000 dilution; Stressgen); 3) rabbit anti-endothelial NOS (1:4,000 dilution; Sigma); and 4) rabbit polyclonal anti-actin (1:5,000 dilution; Sigma). After being washed, the membrane was incubated with anti-rabbit IgG secondary antibody (1:2,500 dilution; Amersham, Piscataway, NJ) for 1 h at room temperature. The immunoblots were developed with ECL (Amersham) and quantified by optical density measurements of the following bands: 32 kDa for HO1, 36 kDa for HO2, 133 kDa for endothelial NOS, and 42 kDa for actin. Actin was used to verify similar protein loading in each lane.
ADP response in rats. Anesthesia was induced with isoflurane in male Wistar rats (250 -300 g). The lungs were mechanically ventilated through a tracheotomy. Catheters were inserted into two femoral arteries and one femoral vein. Anesthesia was maintained with pentobarbital (50 mg/kg ϩ 20 mg/kg every 90 min ip). A cranial window with inflow and outflow ports and a thermistor was constructed over the parietal cortex for measuring the diameter of pial arterioles. Four groups of rats were studied in which the diameter response to 10 min of superfusion of 100 M ADP was measured before and after superfusion of inhibitors. In one group (n ϭ 8), 15 M of chromium mesoporphyrin (CrMP; Porphyrin, Logan, UT) was superfused for 30 min after the baseline response to ADP was tested. This dose has been shown to markedly reduce HO activity without significantly affecting NOS activity (1) . In a second group (n ϭ 8), 1 mM L-NNA was superfused for 30 min after the baseline response to ADP was tested. In a third group (n ϭ 7), rats first underwent a 5-to 7-ml exchange transfusion with the zero-link polymeric Hb solution over a 15-min period. The pial arteriolar response to ADP was tested 15 min after completion of the exchange transfusion. The window was then superfused for 30 min with the diluted NaOH vehicle for CrMP followed by a repeat test of the response to ADP. In a fourth group (n ϭ 8), rats underwent an exchange transfusion with the Hb solution as in the third group. After the baseline response to ADP was tested, 15 M CrMP was superfused for 30 min, followed by a repeat test of the response to ADP. Fluid temperature in the window was maintained at ϳ37°C during the superfusion.
Drugs. SnPPIX and CrMP were dissolved in 0.1 M NaOH. A stock solution of 10 mM SnPPIX was diluted to 10 M in artificial CSF. A stock solution of 1.5 mM CrMP was diluted to 15 M in artificial CSF. Because of the light sensitivity of the metalloporphyrins, the infusion syringe and catheter were wrapped with opaque material and the cranial window was kept covered after infusion of the drug, except briefly at the time of diameter measurements. In addition, the acrylic cement surrounding the plastic ring of the window was made opaque by adding carbon black to the acrylic. Pinacidil was dissolved in dimethyl sulfoxide at a concentration of 20 mM and diluted to a final concentration of 10 M in artificial CSF. L-NNA and 2-chloroadenosine were dissolved directly in artificial CSF.
Data analysis. At each measurement time, images were recorded at several sites, and diameter was measured at 10 -20 arteriolar segments in each cat and at 4 -8 segments in each rat. In the cats, segments were grouped by initial diameters of Ͻ50 m (small), 50 -100 m (medium), and Ͼ100 m (large). The percent responses of all arterioles within a particular size group were averaged for each cat. In rats, nearly all vessels had an initial diameter between 20 and 70 m and were pooled into a single size. For each time point or drug intervention, the percent change in diameter and other physiological measurements were compared among groups by one-way analysis of variance and the Newman-Keuls multiple range test at the 0.05 significance level. In rats, arterial blood values and the percent change in diameter in response to ADP were compared before and after application of a drug inhibitor by paired t-test. Data are presented as means Ϯ SE.
RESULTS
NOS activity. Superfusion of the cranial window with L-NNA decreased NOS catalytic activity in a dose-dependent fashion in the underlying cortex to 60 Ϯ 24% at 30 M and to 8 Ϯ 4% at 300 M (percentage of the values in contralateral cortex). Superfusion with 10 M SnPPIX had no significant effect on NOS activity (115 Ϯ 15% of contralateral cortex), whereas superfusion of 30 mol/l had a marginal inhibitory effect (76 Ϯ 7%; P Ͻ 0.1; n ϭ 4). Based on these results, doses of 300 M of L-NNA and 10 M of SnPPIX were used in the remaining experiments.
Acute effects of transfusion on ACh response. Exchange transfusion with albumin and Hb solutions decreased hematocrit by ϳ40% (Table 1) . Plasma Hb concentration was 2.5 Ϯ 0.1 g/dl after transfusion of the cell-free Hb solution. Consequently, whole blood Hb concentration was greater in the Hb-transfused group than in the albumin-transfused group. Arterial PO 2 was maintained at 150 -200 mmHg throughout the experiment. No differences in arterial PCO 2 or pH were observed among groups. Mean arterial blood pressure was unchanged after albumin or Hb transfusion and remained stable throughout the experimental protocol.
Exchange transfusion with albumin increased the diameter of small, medium, and large pial arterioles, whereas exchange transfusion with Hb decreased the diameter (Fig. 1) . These changes in baseline diameter are consistent with previous work (3, 42) in which the albumin-induced dilation is thought to be related to the decrease in arterial O 2 content and the Hbinduced constriction is thought to be due to an O 2 regulatory mechanism that keeps blood flow and O 2 transport constant when blood viscosity is reduced at normal arterial O 2 content (41).
Application of 10 and 30 M ACh in controls with no transfusion produced dose-dependent dilation, with the greatest percent dilation in the smallest vessels (Fig. 2) . The ACh responses were not inhibited by 10 M SnPPIX but were blocked in vessels of all sizes by the combination of 10 M SnPPIX and 300 M L-NNA. Likewise, in the albumin- Values are means Ϯ SE; MABP, mean arterial blood pressure. Tin protoporphyrin (SnPPIX) was superfused first in control (n ϭ 8), albumin (n ϭ 8), and hemoglobin (Hb) group A (n ϭ 7); N -nitro-L-arginine (L-NNA) was superfused first in Hb group B (n ϭ 5). *P Ͻ 0.05 from control group. transfused group, the dilatory response to ACh was not inhibited by SnPPIX but was blocked by the combination of SnPPIX and L-NNA. Transfusion of Hb by itself did not reduce the baseline dilatory response to ACh compared with the control group, and the percent dilation was greater than that in the albumin group. However, unlike the control and albumin groups, the ACh response in vessels of all sizes was completely inhibited by SnPPIX alone (Fig. 2, left) . The dilatory response remained blocked with the combination of SnPPIX and L-NNA. In another group transfused with Hb, the dilatory response to ACh was blocked by L-NNA administration alone, as well as with the combination of SnPPIX and L-NNA (Fig. 2,  right) .
To test whether arterioles were still capable of vasodilation, the response to 10 M 2-chloroadenosine was tested at the end of the protocol after combined SnPPIX and L-NNA treatment. Topical 2-chloroadenosine produced dilation in each vessel size category in all groups (Fig. 3A) . Within each group, the percent dilation to 2-chloroadenosine at the end of the experiment was similar to the response tested before the transfusion.
Chronic effects of transfusion on ACh response. A similar protocol was performed 2 days after Hb transfusion when most of the Hb was cleared from the plasma. Results were compared with a surgical sham group and an albumin-transfused group 2 days after surgery. Hematocrit remained reduced at similar levels 2 days after albumin and Hb transfusion (Table 2) . However, unlike the acute experiments, whole blood Hb concentration was also similar in the albumin and Hb groups because plasma Hb concentration decreased to 0.1 g/dl. This decrease is consistent with a 10-h plasma half-life previously observed in cats (31) . Arterial blood gases and arterial blood pressure were similar among the three groups during testing of ACh reactivity (Table 2 ).
In the surgical sham-control group, the percent dilation of vessels of different sizes in response to 10 and 30 M ACh was similar in magnitude to that observed in the control group of the acute experiment (Fig. 4) . As in the acute experiment, SnPPIX had no significant effect on the ACh response in the control or albumin-transfused group, whereas the combination of SnPPIX and L-NNA blocked the response. In the group transfused with Hb, the ACh response was intact and similar to that in the surgical sham group. Administration of SnPPIX alone completely inhibited the ACh response 2 days after Hb transfusion, and the combination of L-NNA with SnPPIX produced no additional effect.
Pial arterioles were still responsive to 2-chloroadenosine after combined SnPPIX and L-NNA superfusion in all three groups (Fig. 3B) . Likewise, the dilatory response to the K ATP channel agonist pinacidil was similar among the three groups at the end of the experiment (Fig. 5) .
Protein expression. Because an increase in heme can induce HO1 and an increase in HO1 activity could potentially contribute to the SnPPIX sensitivity of ACh response after Hb transfusion, HO1 expression was evaluated in cerebral cortex 2 days after transfusion. In addition, because HO1 is a heat shock protein that can be rapidly induced, HO1 expression was also determined in a subset of cats at the end of the experiment with the acute transfusion protocol. Expression of HO1, HO2, and endothelial NOS in naïve cats that did not undergo surgery and prolonged anesthesia was similar to that in the control groups in the acute and chronic protocols; thus the naïve data and control data were combined into a single group for statistical analysis. No differences in HO1 protein expression could be detected among the control, albumin-transfused, and Hb-transfused groups for either the acute or chronic transfusion experiments (Fig. 6) . Also, no differences were observed among groups in the protein expression of HO2 or endothelial NOS.
ADP response. Within each group of rats, mean arterial blood pressure was similar at the time of testing the vascular response to ADP before and after superfusion of CrMP or L-NNA (Table 3) . Arterial blood gases were unchanged after superfusion of the inhibitors, although a small decrease in arterial pH occurred in the Hb-transfused group (Table 3) . In a control group with no Hb transfusion, superfusion of 100 M of ADP produced pial arteriolar dilation that was not significantly affected by application of 15 M CrMP (Fig. 7) . In a second group of rats without Hb transfusion, superfusion of L-NNA decreased the dilator response to ADP. In a third group, exchange transfusion of polymeric Hb produced a 12 Ϯ 3% decrease baseline arteriolar diameter. The dilator response to ADP was similar to that in the nontransfused groups and was not altered by superfusion of the vehicle for CrMP. In a fourth group that underwent Hb transfusion, baseline arteriolar diameter decreased by 11 Ϯ 3% after Hb transfusion. In this case, superfusion of CrMP significantly attenuated the response to ADP by 62%. The response after CrMP in the Hb-transfused group was significantly less than the response after CrMP in the control group and less than the response in the Hbtransfused group superfused with vehicle.
DISCUSSION
This study evaluated the hypothesis that transfusion of cell-free polymeric Hb would lead to induction of HO1 and that pial arteriolar responses to the endothelial-dependent dilator ACh would become dependent on HO activity. This hypothesis was based on the work of others (4, 10, 34, 48) , which showed that systemic administration of hemin or Hb induced HO1 in various organs and cultured endothelial cells. However, no evidence of HO1 induction could be detected in the brain in either the acute or chronic transfusion protocol, possibly because the circulating heme remains stably bound in the Hb polymer until the polymer is cleared by the reticular endothelial system in the liver, spleen, or lymphatic circulation, nor was any change noted in HO2 or endothelial NOS expression. Nevertheless, pial arteriolar dilation to ACh was selectively dependent on HO activity 2 days after Hb transfusion, as implied by the loss of ACh dilation with treatment of the HO inhibitor SnPPIX.
ACh dependency on HO activity. Unexpectedly, ACh dilation was also completely blocked by SnPPIX after acute Hb transfusion before there would likely be sufficient time for induction of a significant amount of HO1 expression. This dependency on HO activity is presumably mediated by HO2, which is constitutively expressed in most cells and enriched in many neuronal and endothelial cell populations (17, 37, 61) . The activity of HO2 can be regulated dynamically by phosphorylation mechanisms (7, 11, 25) and thus has the potential to be activated soon after Hb transfusion. However, CO concentration in the CSF was not directly measured as a marker of HO activity in the present experiment.
It can be surmised that this dependency of ACh dilation on HO activity is not due to the direct effects of reducing hematocrit and associated changes in endothelial wall shear stress, because SnPPIX had no effect in cats with an equivalent reduction in hematocrit after albumin transfusion. Moreover, this shift to a HO dependency of the response is not the result of an increase in arterial pressure and its associated increase in myogenic tone, because the Hb polymer did not produce a pressor response, in agreement with previous studies with this polymer (31, 42) .
This acute change in vascular control mechanisms also is not attributable to complete scavenging of NO by the cell-free Hb (41, 46) . The dilator response to ACh was not attenuated after Hb transfusion, and the response was completely inhibited by the NOS inhibitor L-NNA, which is consistent with previous work involving tetrameric cross-linked Hb (3). However, in contrast to tetrameric Hb, the polymeric Hb filtered to remove species Ͻ300 kDa is too large to appear in renal lymph and does not cause hypertension (31) . Thus this Hb polymer is highly unlikely to cross the tight endothelial junctions of the blood-brain barrier and gain access to vascular smooth muscle. However, extravasation may not be necessary for limiting NO availability within arterial smooth muscle. Nonextravasating, cell-free Hb in the plasma might be able to scavenge NO more effectively than red blood cell-based Hb because of Hb entry into the red blood cell-free zone near the vessel wall (29) and because of the resistance to NO diffusion across the plasma space and possibly the red blood cell membrane (18, 30, 51) . Mathematical modeling indicates that abluminal NO concentration in the vicinity of smooth muscle can be significantly reduced by a large sink for NO within the lumen provided by nonextravasating Hb (22) . However, the reduction of NO concentration in arteriolar smooth muscle in this simulation model was largely dependent on scavenging of NO by capillary Hb because the surface area of capillaries is much greater than that of arterioles. Because of the physical separation provided by the glial limitans, smooth muscle of pial arterioles may be influenced by NO scavenging in parenchymal capillaries to a lesser extent than penetrating arteriolar smooth muscle. Moreover, if NO generated in endothelium occurs in large bursts during agonist stimulation, a significant portion of the NO may escape scavenging by Hb in the plasma (50) .
The present results do not completely exclude the possibility that plasma-based Hb reduces basal NO concentration only partially in pial arteriolar smooth muscle, which leads to an activation of HO and production of CO to compensate for the decrease in NO. However, the observation that HO and NOS inhibition did not have additive effects on reducing the ACh dilatory response argues against a simple compensatory mechanism in which the partial loss of NO is replaced by an equipotent amount of CO. Moreover, the persistent inhibitory effect of SnPPIX on the ACh response 2 days after Hb transfusion, when ϳ95% of the Hb has been cleared from the plasma, also does not support NO scavenging by Hb as the major factor for the upregulation of HO activity in the ACh response.
Heme substrate availability is likely to be a rate-limiting factor for HO activity. A small fraction of the transfused Hb could be transported into endothelial cells, as observed for smaller modified Hb (12) , where it could undergo degradation and release of heme. However, the large size of the currently used Hb polymer (ϳ20 MDa) together with our observation that ACh dilation can still be completely blocked by SnPPIX 2 days after Hb transfusion, when the plasma concentration of Hb is reduced approximately 20-fold, argue against these possibilities. Heme can dissociate more readily from methemoglobin than from oxyhemoglobin. Thus another consideration is that heme may dissociate from methemoglobin in Values are means Ϯ SE; n ϭ 8 cats. CSF, cerebrospinal fluid. *P Ͻ 0.05 from control group. plasma and be transported into endothelial cells, where it can cause oxidative stress (34) . Although polymerization can slow the rate of release of heme from methemoglobin (6), it is conceivable that the large amount of transfused Hb polymer solution containing ϳ15% methemoglobin would provide a sufficient amount of dissociable heme to increase HO activity. In this case, persistence of the SnPPIX inhibition of the ACh response 2 days after Hb transfusion might be attributed to cellular clearance of heme lagging behind plasma clearance of polymeric Hb.
The other major effect of Hb transfusion is on oxygenation. Cell-free Hb has the potential to deliver more O 2 than red blood cell Hb because the diffusional resistance of the red blood cell membrane and the low O 2 solubility of the plasma are overcome by cell-free Hb (21, 40, 45) . Although O 2 affinity of the polymeric Hb is high, cooperativity is low (Hill coefficient ϭ 1), thereby resulting in an exponential O 2 -dissociation curve with a non-zero slope in the PO 2 range seen in precapillary vessels (53) . Thus polymeric Hb is expected to increase periarteriolar PO 2 compared with albumin transfusion (54) . The difference in the baseline diameter responses between albumin exchange transfusion, which causes dilation, and Hb exchange transfusion, which causes constriction, is probably dependent on differences in oxygenation. Arteriolar dilation, combined with decreased blood viscosity after albumin transfusion, permits CBF to increase by an amount sufficient to maintain convective O 2 transport (42). In the case of Hb transfusion, arteriolar constriction offsets the effect of decreased viscosity and results in unchanged CBF and O 2 transport (42) . When plasma viscosity is increased simultaneously together with Hb transfusion, the pial arteriolar constriction response is converted to a dilatory response that maintains CBF (42) . Thus O 2 -sensing mechanisms appear to tightly control cerebral O 2 delivery when blood viscosity is decreased or increased independent of O 2 -carrying capacity (41) . These O 2 -sensing mechanisms, which operate to limit over oxygenation of the brain after Hb exchange transfusion, could possibly permit an upregulation of HO activity through phosphorylation of HO2. In addition, HO activity in the placenta has been shown to vary directly with O 2 concentration in the physiological range (2) . However, in the present study, increased oxygenation is unlikely to account for the HO dependency of the ACh response 2 days after the Hb transfusion, when the total blood Hb concentration was similar to the albumin-transfused group.
Interaction of NOS and HO activity. Increased HO activity has been reported to inhibit NOS and NO-dependent dilation (19, 49) . However, the present results indicate that the ACh dilation remains dependent on NO after acute Hb transfusion. The exact mechanism whereby ACh dilation requires both NO and CO after Hb transfusion was not discerned in this study. Although speculative, several issues require consideration in interpreting this complex interaction between NO and CO signaling. First, if Hb does in fact decrease basal NO concentration sufficient to decrease basal cGMP, then increasing the basal CO concentration may maintain basal cGMP concentration in the range where increases in NO evoked by muscarinic receptor activation lead to dynamic increases in cGMP in the vasoactive concentration range. Second, perhaps NO acts as a permissive factor for CO dilation in the adult brain perfused with cell-free Hb, analogous to what has been described for CO-evoked dilation in newborn piglets (27) . In piglet pial arterioles, endothelial-derived NO is thought to maintain a minimal amount of protein kinase G activity necessary for CO to activate K Ca channels (5, 23, 26) . Third, CO and NO may interact on different subunits of the K Ca channel (58) .
Specificity of HO inhibitors. Specificity of 10 M of SnPPIX is supported by the lack of effect on NOS catalytic activity in underlying cortex, by the lack of effect on ACh dilation in control and albumin-transfused groups, and by intact dilatory responses to 2-chloroadenosine and pinacidil. However, SnPPIX is known to be photosensitive and to generate CO in solution without heme when exposed to light (55) . Therefore, precautions were taken to reduce light exposure to the freshly prepared solution, to use opaque cement around the cranial window, and to keep the window covered except when making diameter measurements. Nevertheless, we cannot exclude the possibility that light exposure during the brief diameter measurement periods generated CO within the window sufficient to alter vascular regulation. For example, exogenous CO is reported to attenuate carbachol-evoked NO release by renal arterioles (49) and to produce constriction by inhibiting NOS (19) . However, the observed effect of SnPPIX to completely block the ACh-evoked dilation selectively in the Hb-transfused group is unlikely to be attributable to generation of CO directly from SnPPIX for two reasons. First, if the concentration of CO generated by SnPPIX was adequate to inhibit NOS, then at least a partial inhibitory effect on ACh dilation would have been expected in the non-Hb transfused groups. However, Fig. 6 . Protein expression of heme oxygenase-1 (HO1), heme oxygenase-2 (HO2), and endothelial nitric oxide synthase (eNOS) in parietal cortex contralateral to cranial window. Optical density of the immunoblot bands (mean Ϯ SE) is expressed as a percentage of the average value of the control group. A: expression in tissue obtained at the end of the acute transfusion experiment in control group (n ϭ 5; 3 naïve and 2 time-control cats), albumin-transfused group (n ϭ 5), and Hb-transfused group (n ϭ 6). B: expression in tissue obtained at the end of the chronic transfusion experiment (2 days after transfusion) in control group (n ϭ 7; 3 naïve and 4 surgical sham-control cats), albumin-transfused group (n ϭ 5), and Hb-transfused group (n ϭ 4). Analysis of variance did not indicate a significant effect among groups for any of the proteins. Fig. 7 . Pial arteriolar diameter responses (means Ϯ SE of percent change) to 100 M ADP superfusion before (predrug) and after (postdrug) superfusion of chromium mespoprphyrin (CrMP) in groups without Hb transfusion (n ϭ 8 animals) and with Hb transfusion (n ϭ 8 animals), before and after superfusion of vehicle in a group with Hb transfusion (n ϭ 7 animals), and before and after superfusion of L-NNA in a group with Hb transfusion (n ϭ 8 animals). *P Ͻ 0.05 from predrug value. Table 3 . Arterial blood analysis in rats tested for ADP reactivity before and after application of CrMP or L-NNA there was no tendency for SnPPIX to reduce the ACh response in the control or albumin-transfused group. Second, NOS activity presumably would have to be almost completely inhibited to fully block the ACh response, yet our ex vivo measurements indicated no significant effect at 10 M of SnPPIX. Incubation of NOS protein with a CO gas mixture as high as 80% partially inhibited neuronal NOS activity by ϳ65% (56) . Therefore, it is unlikely that CO generated directly from photosensitive SnPPIX fully accounts for the observed complete blockage of ACh-evoked dilation.
Specificity of SnPPIX for acting on HO is also supported by the parallel effects of CrMP, which is less sensitive to light. CrMP did not reduce pial arteriolar dilation to ADP in control rats but markedly reduced the response in Hb-transfused rats. Interestingly, neither CrMP in Hb-transfused rats nor L-NNA in control rats completely blocked the dilation to ADP, in contrast to the complete inhibitory effect of SnPPIX on the ACh response in Hb-transfused cats. Part of this difference may be attributed to a species effect because L-NNA nearly completely blocked the pial arteriolar dilation to ADP in cats (3) . Although the response to ADP is endothelial dependent in cerebral vessels (43, 60) , others have reported incomplete blockage of ADP dilation by L-NNA in rat and mouse pial arterioles (13, 59) . The remaining component appears to be mediated by a hyperpolarizing factor (13, 59) .
Implications. The present study indicates that a HO-signaling mechanism can be recruited in the regulation of the cerebrovascular response to ACh and ADP under specific circumstances. Although the mechanism of recruiting HO involvement was not discerned in the present experiments, the similarity of effects of SnPPIX on the ACh response in the cat and of the CrMP on the ADP response in the rat, seen only in the presence of plasma Hb in both cases, indicates that the mechanism of action is ubiquitous. In the chronic experiments, the inhibitory effect of SnPPIX persisted in the Hb-transfused group, despite the decrease in plasma Hb to ϳ0.1 g/dl. This level of Hb is presumably insufficient to augment NO scavenging. In addition, the amount of O 2 carried by the plasmabased Hb at 2 days posttransfusion is of the same order of magnitude as that dissolved in plasma. Thus the beneficial effect of plasma-based Hb on the facilitation of O 2 unloading from red blood cell-based Hb is probably minor at this time. These results suggest that transfusion of the Hb polymer induces either expression of signaling proteins not measured in the present experiments or long-term, posttranslational modifications in the state of specific signaling proteins. Furthermore, these findings have clinical implications. Large Phase 3 clinical trials are being conducted with Hb polymers for use in traumatic hemorrhage and surgical procedures associated with significant blood loss (15, 16, 20, 57) . The results of the present study indicate that transfusion of a Hb polymer is capable of changing the signaling mechanisms of vascular regulation and that this alteration can persist after most of the Hb has been cleared from the plasma.
